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Abstract: According to the objectivity of UAV helicopter, endurance is a valuable performance. To 
increase the endurance, we need to decrease the helicopter required power. Within the research 
scope in vertical movement only, 5 parameters of blades planform design were considered as 
design variables. They are root chord of the blades, taper location, taper ratio, pitch angle, and tip 
twist angle. Optimization was done using own developed genetic algorithm codes with built-in 
blade element momentum theory (BEMT) as a performance calculator. It was chosen due to its 
ability to estimate rotor performance quickly. Several CFD simulation were done to reduce the 
error of blade element momentum theory calculation. Using constant adjustment methods, BEMT 
can predict thrust and power with a difference with respect to CFD of 3.8% and 8.2% respectively. 
The optimization result gives the optimum blades design with improving almost 11% in efficiency 
which came out from 9.4% reduction in power required which is good for helicopter performance. 
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1. Introduction 
In preliminary design step, the best planform of the rotor blades must be chosen according to 
optimize the rotor performance [1]. Commonly, researchers optimize the performance of rotor by 
selecting the best shape of the blade (airfoil shape and blade planform) using integrated analytical 
programs or numerical like CFD. In this study, analytical calculation was chosen due to the need of 
quick optimization in preliminary design phase [2]. 
The air flew through the rotor-blades generate lift and drag, which results thrust and torque 
acting on the rotor [3]. Performance of the rotor mostly defined by three quantities, i.e. thrust, torque 
or power required, and aerodynamic efficiency. It is convenient to express thrust and power 
required in terms of non-dimensional quantities so called thrust coefficient and power coefficient 
which expressed as follows. 
                                                                     (1) 
                          (2) 
 
Where, 𝑇 is thrust produced by the rotor, 𝑃 is power required, 𝜌 is air density, 𝛺 is the rotational 
speed of the rotor, and 𝐷 is the rotor diameter. While the rotor aerodynamic efficiency can be written 
as follows. 
                                        (3) 
                 (4) 
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Where 𝐽 is called as advance ratio which describe the ratio between axial and rotational speed of 
the airflow. 
 The aim of this optimization is to minimize the rotor power required at a specified thrust level 
in vertical movement of the helicopter. Specified thrust must be equal or higher than MTOW of the 
helicopter to make it hover, at least. Reducing the power required by the rotor can save more energy 
thus will increase its endurance. 
To optimize helicopter rotor performance, it needs to define its design variables. Mostly, 
variables which contribute greatly on blade performance are its airfoil, chord, and twist distribution. 
In this study, airfoil is set to be constantly distributed along the radius. Thus, only chord and twist 
distribution become the design variables. 5 parameters are defined to express the chord and twist 
distributions. 
In order to do a cross-validation with CFD, dummy datum model was constructed by 
replicating Alva800 helicopter blade. Its sizing and main geometrical data also become the baseline. 
Datum model was analysed using CFD to calculate the rotor thrust and power [3]. 
Before starts the optimization process, 20 samples were being analysed using CFD and blade 
element- momentum theory (BEMT). Average difference in thrust, power required, also both 
standard deviations become the correction to the BEMT program. The optimization process started 
by defining 400 samples with varying those 5 variables. Halton sequence method is used in this 
sampling process due to its excellence to spread the samples evenly in the design space [4]. Then, 
BEMT program calculate performance of those samples.  
The results were inputted to the genetic algorithm program to do the iterative single objective 
optimization until it reaches the iteration limit. Schematic of this research process is appeared at 
Figure 1. After got the optimization results, the blade model which has 5 optimized parameters was 
analysed using CFD to build a rotor efficiency diagram and compare it with the datum. 




Figure 1. Research schematic. 
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Figure 2. Alva800 model (left), datum & base rotor model. 
2. Design Consideration 
2.1. Design objective 
The thrust and power required of the datum model which obtained from CFD analysis becomes 
the limitation of the optimization process [4]. Thus, the requirements of this design process can be 
stated as follows, “Optimized blade design must produce thrust the same or higher than MTOW of 
the helicopter and require a lower power than the datum model required.” 
2.2. Datum model and base model 
Datum model is needed due to comparison of the optimization result. This model is adopted 
from the geometry and sizing of unmanned helicopter Alva800 [5]. The look of datum model and its 
main specification is shown in Figure 2 and Table 1. 
Table 1. Alva800 general data. 
 
 
The blade design of the datum model can be seen in Figure 2. While Table 2 shows all the 
parameter which can be defined from the datum model. Due to its complexity to be remodeled, then 
the chord and twist distribution are redefined with only 5 parameters. The simplified model is 
named as base model. Simplification focusses on neglecting the curved end of the blade-tip. The base 
model also being analyzed in CFD to calculate its thrust and power required. Base model is needed 
due to the want to compare analytic optimized design “apple to apple” with CFD result. Design 
parameter of the base model can be found on Table 3. In this optimization, operation condition from 
Table 1 to Table 3 shows an equivalent with advance ratio of 0.12 then be the on-design condition. 
 
Table 2. Datum & base model design parameters. 
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Table 3. Design variable constraints. 
 
2.3. Design variables and bounds 
Through the optimization process, 5 variables are used to define the chord and twist 
distribution. They are written in Table 3. Those 5 parameters are chosen to be design variables due to 
theirs great effect on rotor performance [2, 6]. 
2.4. Objective function 
Due to the objectivity of the optimization process stated, objective function can be defined as 
follows. 
              (5) 
 
Where 𝜂 is the rotor aerodynamic efficiency. 𝑆𝐶𝑇 and 𝑆𝐶𝑃 are the control coefficient which has 
values 1 when the condition is acceptable and 0 when it’s not. 1 and 9-multiplier is only a weighting 
factor. 
 
                                (6)    
      
                                   (7) 
 
𝑑𝐶𝑇 and 𝑑𝐶𝑃 are the correction factor. 𝑑𝐶𝑇 explains how different the thrust produced by the 
rotor with the base model. While 𝑑𝐶𝑃 explains as well as 𝑑𝐶𝑇 but in terms of power required. 
 
                (8) 
 
             (9) 
 
Consider a sample rotor produce a higher thrust with a lower power required with respect to 
the base model CFD result. Thus, 𝑆𝐶𝑇 and 𝑆𝐶𝑃 has value of 1. Then 𝑑𝐶𝑇 must be a positive number 
while 𝑑𝐶𝑃 is negative. When 𝑑𝐶𝑃 is negative, it is good because it increases the value of the function 
𝑓. But, when 𝑑𝐶𝑇 is positive, it turns a lower value of 𝑓. It is set to be like that because the need of 
rotor that produce sufficient thrust with the lowest power required as possible. As we know that 
power required increases when thrust increased as well as induced drag rises due to lift. 
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3. Design and Optimization Tools 
3.1. Blade performance calculator 
Blade element-momentum theory can be used to calculate performance of the rotor. Lift and 
drag equation from blade element theory is combined with the momentum equation to become the 
BEMT master equation. Some corrections are imposed in the BEMT master equation to model the 
hub-tip loss for the blade [7]. Iterative calculation is done until converged. Total lift and drag then 
can be projected as thrust and torque- force. This program needs aerodynamic data of the airfoil. 
Thus, airfoil database must be inserted first. Including the data of cl and cd with the function of 
Mach number and Reynolds number. Airfoil database is constructed using common software 
JavaFoil. This software using high order panel method to calculate velocity distribution due to 
inviscid velocity. While integral method of boundary layer analysis is used to calculate drag of 
airfoil [7]. 
3.2. Optimization tools 
Genetic algorithm is widely used in aerospace domain. Its simplicity and accuracy in giving 
optimization solution is the strength. Many developments of this algorithm used to improve its 
performance for example the NSGA and NSGA-II which can result a set of solutions. GA can 
perform either single or multiple objectives. Due to the relation between thrust and torque of the 
rotor which can represented by the rotor efficiency, single objective GA can perform well [8]. 
3.3. CFD analysis 
In order to make a cross-validation between analytical and numerical method, CFD simulation 
is done to analyze datum and base model, also for 20 adjustment samples. Unstructured mesh is 
used due to the complexity of the blade geometry. Prism mesh is applied near the blade to catch 
boundary layer phenomena. SST is applied to model the turbulence. Simulation is done using 
ANSYS with frozen rotor method. CFD simulation result of the datum and base model is appeared 
in Table 4. The table shows that the simplification of the geometry from datum model become base 
model does not give a huge difference. Thus, the simplification can be safely applied 
 
Table 4. CFD result: datum vs base. 
Performance Datum Base Error (%) 
Thrust (N) 147 152 3.4 




Figure 3. BEMT vs CFD. 
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Figure 4. Off-design analysis of optimized-design in various advance ratio J. 
 
 
Figure 5. Best design through generation: variables (5 top), performance (4 bottom), the optimized design  
 
The optimization objective has met the requirements that’s the rotor can produce the same with 
the base model but requires lower power. Optimized planform design is founded and appear in 
Figure 5, as can be compared to other results [7,8]. 
3.4. BEMT adjustment 
BEMT is analytical approach to estimate rotor performance which impose many assumptions. 
Thus, it produces higher error than numerical method (CFD). 20 random rotor design samples are 
selected to be investigated. Each sample is analyzed using both BEMT and CFD. Then the results are 
compared in terms of the rotor thrust and power required. Figure 3 shows how BEMT result differ 
with respect to CFD. it shows that BEMT result is tends to give systematic error which has average 
difference of 𝛥𝑇𝑎𝑣𝑔 and 𝛥𝑃𝑎𝑣𝑔 with respect to CFD simulation. 
Also, according to Figure 3 we can safely say that BEMT calculation can be adjusted constantly 
in the future calculation to get closer with the result of CFD simulation. Thus, we can state the 
difference between BEMT and CFD performance calculation as follows. 
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                                       (10) 
 
Where 𝛥𝑎𝑣𝑔 is the average difference while 𝜎 is the uncertainty which is represented by 
standard deviation. That’s why for performance calculation in the whole optimization algorithm 
will use BEMT with imposing this correction. 
 
                        (11) 
 
While the uncertainty 𝜎𝛥 is used for thresholding so that the requirements can be stated as 
follow. 
                   (12) 
 
                   (13) 
 
Where 𝑘 is an arbitrary coefficient which is obtained by trial and error. 
4. Results and Discussions 
According to Figure 3 and Table 5, it’s effective using BEMT adjustment to reduce the error of 
the program correspond to the CFD simulation. Figure 5 shows how the calculated performance of 
the best design in population has changed through generations. Performance of the rotor is shown in 
4 terms i.e. thrust coefficient, power coefficient, efficiency, and fitness function values [7,8]. The 
figure also shows the plot of 5 design variables correspond to the best design in population through 
generations. Table 6 provides the optimized rotor planform design and the improvements. 
Off-design CFD analysis of the optimized-design is shown in Figure 4. It shows that the optimized 
design gives better efficiency in all advance ratio. 
 
Table 5. Difference of BEMT and CFD after imposing correction. 
 
Case 
 BEMT   CFD  Difference (%) 
𝑻 [𝑵] 𝑷 [𝑾] 𝜼 𝑻 [𝑵] 𝑷 [𝑾] 𝜼 𝜟𝑻 𝜟𝑷 𝜟𝜼 
1 147.2 2628.5 0.280 164.8 3007.2 0.274 10.7 12.6 2.2 
2 147.1 2679.3 0.274 146.8 2571.5 0.285 0.2 4.2 3.8 
3 151.7 2787.4 0.272 152.6 2587.0 0.295 0.6 7.7 7.7 
  Average Difference   3.8 8.2 4.6 
 
Table 6. Optimized-design review. 
Design Variable Sym. Base Optimized Improvement 
Root Chord [R] 𝑐ℎ 0.086 0.070  
Taper location [R] 𝑟1 0.169 0.469  
Taper ratio 𝑡 0.779 0.200  
Pitch Angle (deg) 𝛽ℎ 7.00 10.57  
Tip Twist (deg) 𝜃𝑡 -2.50 -2.52  
Thrust Produced 𝑇 152.0 152.6 0.34% 
Power Required [W] 𝑃 2856 2587 -9.41% 
Efficiency 𝜂 0.266 0.295 10.77% 
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5. Conclusions  
From this study we also can interpret that analytical calculation of rotor performance is tends to 
make a systematic error than a random error. Thus, for a specified flight condition, constant 
adjustment can perform well to reduce the inaccuracy of the calculation. In this case, BEMT program 
with adjustment can predict thrust and power required of the rotor with difference respect to CFD of 
3.8% and 8.2% respectively. The optimized design increases rotor efficiency in on-design operation 
by almost 11% which came out from 9.4% power reducing. While, in off-design operation, the 
optimized-design provides higher efficiency than the base model in all advance ratio, which is good 
for rotor optimization with the aim of rising its endurance. 
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